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abstract
 
Activation of volume-regulated anion current (VRAC) plays a key role in the maintenance of cellular
volume homeostasis. The mechanisms, however, that regulate VRAC activity are not fully understood. We have ex-
amined whether VRAC activation is modulated by the cholesterol content of the membrane bilayer. The choles-
terol content of bovine aortic endothelial cells was increased by two independent methods: (a) exposure to a me-
 
thyl-
 
b
 
-cyclodextrin saturated with cholesterol, or (b) exposure to cholesterol-enriched lipid dispersions. Enrich-
ment of bovine aortic endothelial cells with cholesterol resulted in a suppression of VRAC activation in response
to a mild osmotic gradient, but not to a strong osmotic gradient. Depletion of membrane cholesterol by exposing
the cells to methyl-
 
b
 
-cyclodextrin not complexed with cholesterol resulted in an enhancement of VRAC activation
when the cells were challenged with a mild osmotic gradient. VRAC activity in cells challenged with a strong os-
motic gradient were unaffected by depletion of membrane cholesterol. These observations show that changes in
membrane cholesterol content shift VRAC sensitivity to osmotic gradients. Changes in VRAC activation were not
accompanied by changes in anion permeability ratios, indicating that channel selectivity was not affected by the
changes in membrane cholesterol. This suggests that membrane cholesterol content affects the equilibrium be-
tween the closed and open states of VRAC channel rather than the basic pore properties of the channel. We hy-
pothesize that changes in membrane cholesterol modulate VRAC activity by affecting the membrane deformation
energy associated with channel opening.
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INTRODUCTION
 
A variety of physiological and pathophysiological factors
increase the intracellular osmolarity and challenge cel-
lular volume homeostasis (McManus and Churchwell,
1994; Waldegger et al., 1998). To maintain the volume
within a narrow range, cells decrease the intracellular
 
concentrations of K
 
1
 
, Cl
 
2
 
, and small organic osmolytes
(Hoffman, 1992; Law, 1994). The critical step in the
regulation of cellular volume is activation of volume-
 
regulated anion current (VRAC),
 
1
 
 which is responsible
for the efﬂux of Cl
 
2
 
 and organic osmolytes (for reviews,
see Nilius et al., 1996; Strange et al., 1996). The current
is activated by the expansion of cell volume that can be
induced by an increase in the intracellular osmolarity or
a decrease in the osmolarity of the extracellular me-
dium (Levitan and Garber, 1995; Zhang and Lieber-
man, 1996). The mechanisms of VRAC regulation, how-
ever, are not well understood. One hypothesis suggests
that cell swelling is coupled to VRAC activation by me-
chanical forces that develop in the lipid bilayer of the
membrane (Hoffman, 1992). In this study, we examine
the role of the lipid composition of the membrane bi-
layer in VRAC activation by modulating the cholesterol
content of the plasma membrane.
 
Transitions between the closed and open states of ion
channels are thought to result from conformational
changes of the channel proteins (Miller and White,
1984; Catterall, 1986). If these transitions perturb the
surrounding lipid bilayer, then the overall energetic
cost of an ion channel opening includes the contribu-
tions of the intrinsic protein activation energy and the
membrane deformation energy (Huang, 1986; Helfrich
and Jacobsson, 1990; Lundbaek et al., 1996; Lundbaek
and Andersen, 1999). The contribution of membrane
deformation energy has been shown to be signiﬁcant in
the regulation of the activity of several types of ion
channels, such as gramicidin channels (Huang, 1986;
Lundbaek and Andersen, 1994), alamethicin channels
 
(Keller et al., 1993), and N-type calcium channels (Lund-
baek et al., 1996). Membrane deformation energy is a
function of the unperturbed bilayer thickness and
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Abbreviations used in this paper:
 
 BAEC, bovine aortic endothelial
 
cells; FC, unesterified (free) cholesterol; M
 
b
 
CD, methyl-
 
b
 
-cyclodex-
trin; PL, unesterified egg phosphatidylcholine; VRAC, volume-regu-
lated anion current. 
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spontaneous monolayer curvature, as well as of the me-
chanical properties of the membrane lipid bilayer, such
as membrane surface tension and bending and the
compressibility moduli (Huang, 1986; Helfrich and Ja-
cobsson, 1990; Nielsen et al., 1998). Alterations of
membrane deformation energy, therefore, have been
suggested to constitute a general mechanism by which
changes in the mechanical properties of the membrane
bilayer may regulate the activity of ion channels (Lund-
baek et al., 1996). We hypothesize that membrane de-
formation energy may play an important role in the
mechanism by which VRAC channels sense osmotic gra-
dients across the cell membrane.
If membrane deformation energy constitutes a signiﬁ-
cant contribution to the energetic cost of VRAC activa-
tion, then changes in the mechanical properties of the
membrane bilayer that affect membrane deformation
energy would be expected to alter VRAC activity. Mem-
brane deformation energy can been approximated by a
phenomenological spring model in which bilayer me-
chanical properties are characterized by a bilayer stiff-
ness coefﬁcient A, deﬁned as A
 
 5 D
 
G
 
0
def
 
/
 
m
 
2
 
, where 
 
m
 
 is
the sum of the deformation depths of the monolayers of
the membrane (Mouritsen and Bloom, 1984; Huang,
1986; Nielsen et al., 1998; Lundbaek and Andersen,
1999). Elevation of membrane cholesterol content in-
creases the bilayer stiffness (Lundbaek et al., 1996), and
therefore can be used as a tool to determine whether
the contribution of membrane deformation energy to
the energetic cost of VRAC activation is signiﬁcant.
In the present study, we show that enriching endothe-
lial cells with cholesterol using two independent meth-
ods suppresses VRAC activation, while depletion of
membrane cholesterol enhances activation of the cur-
rent. These observations support our hypothesis that
membrane deformation energy is involved in the regu-
lation of VRAC activity. Further studies, however, are
needed to discriminate between the roles of membrane
deformation energy and of speciﬁc sterol–protein inter-
actions in the regulation of VRAC activity.
 
METHODS
 
Tissue Culture
 
Bovine endothelial cells were grown in DMEM culture medium
(Cell Grow; Fisher Scientiﬁc/Mediatech) supplemented with
10% fetal bovine serum (GIBCO BRL). Cell cultures were main-
tained in a humidiﬁed incubator at 37
 
8
 
C with 5% CO
 
2
 
. The cells
were fed and split every 3–4 d. We used cells between passages 10
and 30. There was no difference in VRAC activation between the
earlier and later passages.
 
Cholesterol Enrichment
 
Two methods have been used to enrich the cells with cholesterol:
exposure of cells to methyl-
 
b
 
-cyclodextrin (M
 
b
 
CD) solution satu-
rated with cholesterol and exposure of cells to cholesterol-enriched
lipid dispersions.
 
M
 
b
 
CD-cholesterol solution was prepared as described previ-
ously (Christian et al., 1997). In brief, cholesterol was stored as a
stock solution in chloroform:methanol (1:1 vol:vol), and a small
volume of the stock solution was added to a glass tube and the
solvent was evaporated. Then, 5 mM M
 
b
 
CD solution in DMEM
medium without serum was added to the dried cholesterol. The
tube was vortexed, sonicated, and incubated overnight in a rotat-
ing bath at 37
 
8
 
C. M
 
b
 
CD was saturated with cholesterol at a CD:
cholesterol molar ratio of 8:1; the saturation limit was deter-
mined as described previously (Christian et al., 1997). In prepara-
tion for an experiment, cells were washed three times with serum-
free DMEM to remove the serum of the growth medium. Cells
were then incubated with M
 
b
 
CD saturated solution or with
M
 
b
 
CD solution containing no cholesterol (empty M
 
b
 
CD) for 30,
60, or 120 min. During the incubation, cells were maintained in a
humidiﬁed CO
 
2
 
 incubator at 37
 
8
 
C. Control cells were treated sim-
ilarly and incubated with serum-free DMEM solution without any
M
 
b
 
CD. After exposure to M
 
b
 
CD, cells were washed three times
with serum free DMEM and left in the incubator overnight in the
same solution. M
 
b
 
CD was a generous gift from Cerestar USA,
Inc., and cholesterol was purchased from Sigma Chemical Co.
Cholesterol-rich liposomes (dispersions) were prepared as de-
scribed previously (Gleason et al., 1991). In brief, unesteriﬁed
(free) cholesterol (FC) and egg phosphatidylcholine (PL) were
mixed in 2:1 molar ratio to prepare cholesterol-rich liposomes.
Lipids were added to sterile endotoxin-free buffer solution, soni-
cated, centrifuged to remove undispersed lipids, and mixed with
DMEM solution containing 1% FBS to a ﬁnal concentration of
500 
 
m
 
g/ml cholesterol. Cells were exposed to cholesterol-rich li-
posomes for 48 h. Liposomes with an FC:PL ratio of 1:2 and cho-
lesterol-free liposomes were prepared by a similar procedure and
used as control treatment.
 
Cholesterol Measurement
 
Lipid was extracted from the washed cell monolayer using iso-
propanol as previously described (McClosky et al., 1987). Total
and free cholesterol mass analysis was done by gas-liquid chromo-
tography as previously described (Ishikawa et al., 1974; Klansek
et al., 1995). Esteriﬁed cholesterol mass was calculated to be the
difference between total and free cholesterol mass determina-
tions. Cell protein was determined on the lipid-extracted mono-
layer using a modiﬁcation (Markwell et al., 1978) of the method
of Lowry et al. (1951). All mass values were normalized on the ba-
sis of cell protein.
 
Electrophysiological Recording
 
Solutions.
 
External recording solution contained (mM): 150
NaCl, 1 EGTA, 2 CaCl
 
2
 
, 10 HEPES, pH 7.2. Internal solutions con-
tained (mM): 120 CsGlut or CsAsp, 10 HEPES, 4 ATP, pH 7.2
(CsOH) with free [Ca
 
2
 
1
 
] 
 
z
 
10 nM (0.1 CaCl
 
2
 
, 1.1 EGTA). Intracel-
lular solutions contained Cs
 
1
 
 to decrease possible contamination
of Cl
 
2
 
 outward current (inward ﬂux) by outward K
 
1
 
 currents
(outward ﬂux). Chemicals were obtained from Fisher Scientiﬁc
or Sigma Chemical Co. The osmolarities of all solutions were de-
termined immediately before recording with a vapor pressure os-
mometer (Wescor Inc.) and were adjusted by the addition of su-
crose, as required.
 
Recording.
 
The current was activated by challenging cells with a
transmembrane hyposmotic gradient between the intracellular
and extracellular solutions. The gradient was created by mem-
brane rupture. Current development was monitored by 500-ms
linear voltage ramps from a holding potential of 
 
2
 
60 to 
 
1
 
60 mV
at an interpulse interval of 10 s. Normal cellular current conven-
tion is used when referring to the direction of current; i.e., out-
ward current refers to inward Cl
 
2
 
 ion ﬂow. Ionic currents were 
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measured using the whole cell conﬁguration of the standard
patch clamp technique (Hamill et al., 1981). Pipettes were pulled
from N51A glass (Garner Glass), coated with sylgard (Dow Corn-
ing Corp.), and ﬁre polished to give a ﬁnal resistance of 2–6 M
 
V
 
,
using the above recording solutions. Fire polishing was necessary
for N51A glass to create high resistance seals. Part of the experi-
ments were performed using SGI glass from Richland Glass Co.
These pipettes generated high resistance seals without ﬁre polish-
ing. NaCl agar bridge was used for a reference electrode. Cur-
rents were recorded using an EPC9 ampliﬁer (HEKA Electronik)
and accompanying acquisition and analysis software (Pulse &
PulseFit; HEKA Electronik) running on a Macintosh Quadra 700
or PowerCenter 150. Pipette and whole-cell capacitance was auto-
matically compensated. Whole cell capacitance and series resis-
tance were monitored throughout the recording. In recordings
using cells with large current amplitudes (
 
.
 
500 pA), series resis-
tance compensation (95% compensation with a 100-
 
m
 
s lag) was
used. Occasionally, a lower percentage compensation was re-
quired to prevent current oscillation. Cells exhibiting small cur-
rent amplitudes (
 
,
 
500 pA) did not require series resistance com-
pensation. In these cases, the voltage error involved was 
 
,
 
5%.
 
Statistical Analysis
 
Statistical analysis of the data was performed using a standard
two-sample Student’s 
 
t
 
 test assuming unequal variances of the two
data sets. Statistical signiﬁcance was determined using a two-tail
distribution assumption and was set at 5% level (
 
P
 
 , 
 
0.05).
 
RESULTS
 
Exposure to M
 
b
 
CD:Cholesterol Modulates Cholesterol Level in 
Endothelial Cells
 
Recent studies have demonstrated that cyclic oligosac-
charides 
 
b
 
-cyclodextrins provide a precise and repro-
ducible method for modulating membrane cholesterol
content in several cell types (Christian et al., 1997). In
this study, we applied this method to modulate the
cholesterol content in bovine aortic endothelial cells
(BAEC). Total cholesterol level in BAEC that were not
exposed to M
 
b
 
CD was 29 
 
6 
 
11 
 
m
 
g/mg protein (
 
n
 
 5 
 
9),
similar to total cholesterol levels reported earlier for
rabbit endothelial cells (Kim et al., 1991) and for other
cell types (Christian et al., 1997; Gimpl et al., 1997).
Fig. 1, inset, shows that total cell cholesterol was pre-
dominantly in the form of free cholesterol, indicating
that BAEC accumulate free cholesterol rather than es-
teriﬁed cholesterol, in agreement with previous results
(Kim et al., 1991).
Exposure of BAEC to M
 
b
 
CD saturated with choles-
terol for time periods between 30 and 120 min resulted
in a gradual increase of cholesterol content in these cells
(Fig. 1 A). A 45% increase that was observed after 120
min is similar to the degree of cholesterol enrichment in
endothelial cells exposed to 
 
b
 
–very low density lippopro-
tein (
 
b
 
-VLDL) (Kim et al., 1991) and in smooth muscle
cells isolated from atherosclerotic arteries (Chen et al.,
1995). Exposure of BAEC to empty M
 
b
 
CD (M
 
b
 
CD that
was not complexed with cholesterol) resulted in a dras-
tic decrease of cholesterol level (Fig. 1 B).
 
Modulation of Cholesterol Content Affects Activation of VRAC
Cholesterol enrichment with saturated M
 
b
 
CD.
 
Activation of
VRAC was tested by challenging the cells either with a
mild osmotic gradient (extracellular:intracellular os-
motic ratio of 0.85) or with a strong osmotic gradient
(0.70 extracellular:intracellular osmotic ratio). Osmotic
gradients were maintained throughout the experiment.
Enrichment of the cells with cholesterol resulted in
suppression of VRAC activation when the cells were
challenged with a mild osmotic gradient (Fig. 2, A and
B), but had no effect on VRAC activation when the
cells were challenged with a strong osmotic gradient
(Fig. 2, C and D).
Figure 1. Modulation of free cholesterol content in BAEC by
MbCD. (A) Cells were exposed to 5 mM MbCD: cholesterol (8:1
mol:mol) in DMEM, pH 7.2, with no serum. (B) Cells were ex-
posed to 5 mM MbCD that was not complexed with cholesterol.
Control cells were treated with serum-free medium. The bars show
means 6 SD (n 5 3). Free cholesterol content in cells exposed to
30 min of saturated MbCD; cholesterol was signiﬁcantly different
from that in control cells (P , 0.05). Longer exposures in this ex-
periment do not show statistical signiﬁcance because of the high
variation between the samples. Therefore, this experiment (120-
min exposure) was repeated two more times (n 5 3 in each exper-
iment). In both experiments, the difference was statistically signiﬁ-
cant at the level of P , 0.01. The difference between the choles-
terol content in cells exposed to free MbCD for 30, 60, or 120 min
was signiﬁcantly different from that in control for all exposure
times (P , 0.01). 
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Fig. 2 A shows typical VRAC currents that developed
in a cell that was exposed to M
 
b
 
CD:cholesterol solution
for 120 min (bottom) and in a control cell (top) when
both cells were challenged with a mild osmotic gradient
and recorded on the same day. Currents that developed
in response to a strong osmotic gradient are shown in
Fig. 2 C. All currents were elicited by voltage ramps
from a holding potential of 
 
2
 
60 to 
 
1
 
60 mV and re-
corded 50, 200, 350, 500, and 650 s after challenging
the cells with an osmotic gradient. Amplitudes of the
currents elicited by the same voltage ramps increase as
VRAC develops. An outward rectiﬁcation of current
traces results from an endogenous rectiﬁcation typical
for VRAC currents and from a nonsymmetric anion
composition of the recording solutions.
The experimental conditions allow recording of
VRAC with minimal contamination from cation currents
(see 
 
methods
 
). Therefore, activation of VRAC is mea-
sured as an increase in outward current amplitude (net
inward Cl
 
2
 
 ﬂux) under hyposmotic conditions. Average
time courses of VRAC development in cells exposed to
saturated M
 
b
 
CD:cholesterol solution and in control cells
are compared in Fig. 2, B and D. The currents are nor-
malized for cell capacitance to eliminate the variability
of VRAC amplitudes that may result from the differences
in the sizes of individual cells. In all our experiments,
VRAC activity in cells exposed to M
 
b
 
CD:cholesterol (or
cholesterol-free M
 
b
 
CD) solutions was compared with
VRAC activity in control cells recorded on the same day.
Since stable VRAC recording could be achieved only
from four to ﬁve cells a day, in a typical experiment the
currents were recorded from two to three cells enriched
with cholesterol and from two to three control cells. The
time courses of VRAC development were then averaged
over at least three experimental days. This protocol al-
lowed us to minimize the variability in VRAC activity be-
tween the experiments that could arise from uncontrol-
lable ﬂuctuations in the cell culture conditions.
Similar to our earlier observations (Levitan et al.,
1995; Levitan and Garber, 1998), VRAC develops grad-
ually over a period of several minutes until the current
reaches a plateau level. Enrichment of cells with choles-
terol resulted in a decrease of maximal VRAC current
densities in cells that were challenged with a mild os-
motic gradient (Fig. 2 C), but not in cells challenged
with a strong osmotic gradient (D). These observations
show that an increase in membrane cholesterol makes
VRAC less sensitive to the osmotic challenge.
 
Membrane cholesterol depletion.
 
To test whether the sup-
pression of VRAC activation by M
 
b
 
CD:cholesterol is
Figure 2. VRAC activation in
cells enriched with cholesterol.
(A and C) Families of current
traces recorded from individual
cells that were challenged with a
mild osmotic gradient (extracel-
lular/intracellular osmotic ratio
of 0.85; A) or with a strong os-
motic gradient (extracellular/in-
tracellular osmotic ratio of 0.70;
C). Currents were elicited by lin-
ear voltage ramps from a holding
potential of 260 to 160 mV, and
recorded 50, 200, 350, 500, and
650 s after the establishment of
the whole cell conﬁguration. (B
and D) Average time courses of
VRAC current densities that de-
veloped in cells exposed to satu-
rated MbCD:cholesterol solu-
tions (120 min) and in control
cells in response to a mild os-
motic gradient (B) or to a strong
osmotic gradient (D). Current
densities were calculated by nor-
malizing the maximal current
amplitudes of each individual
ramp by the cell capacitance.
Since cell capacitance does not
change signiﬁcantly during the experiment, the currents were normalized to the initial cell capacitance measured immediately after the es-
tablishment of the whole-cell conﬁguration. Plateau VRAC current densities (calculated by averaging the current densities between 350 and
600 s after the establishment of the whole cell conﬁguration) in cells enriched with cholesterol were signiﬁcantly smaller from those in con-
trol cells when the cells were challenged with a mild osmotic gradient (P , 0.01; B). There was no signiﬁcant difference between the plateau
VRAC current densities in cholesterol-enriched and control cells when the cells were challenged with a strong osmotic gradient (D). 
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due to cholesterol enrichment and not to an effect of
M
 
b
 
CD itself, current activation was determined in cells
exposed to cholesterol-free M
 
b
 
CD. Exposure of cells to
cholesterol-free M
 
b
 
CD for 120 min resulted in a
marked increase in VRAC amplitudes that developed in
response to a mild osmotic gradient (Fig. 3, A and B).
A few cells in this experimental group developed cur-
rents in the 300 pA/pF range, currents that we never
observed in control cells recorded on the same days
when challenged with a mild osmotic gradient. Expo-
sure to empty M
 
b
 
CD, however, had no effect on VRAC
currents that developed in response to a strong osmotic
gradient (Fig. 3, C and D), indicating that a decrease in
membrane cholesterol increases the VRAC sensitivity to
the osmotic challenge.
Fig. 4 shows mean peak VRAC current densities mea-
sured in cells challenged with a mild osmotic gradient
after the cells were exposed to M
 
b
 
CD:cholesterol or to
empty M
 
b
 
CD solutions for variable periods of time
(30–120 min). Mean peak currents decrease gradually
with an increase in cell cholesterol content. Linear re-
gression analysis yielded a correlation coefﬁcient of
0.98. Enhancement of VRAC activation in cells exposed
to empty M
 
b
 
CD conﬁrmed that VRAC activation is sen-
sitive to the cholesterol content of the membrane. The
opposite effects of saturated M
 
b
 
CD:cholesterol com-
plexes and of cholesterol-free MbCD on VRAC activa-
tion exclude the possibility that suppression of VRAC
development in cells enriched with cholesterol is due
to an effect of the MbCD alone.
Cholesterol-enriched lipid dispersions. Dependence of
VRAC activation on cholesterol content of the mem-
brane was further conﬁrmed using an alternative
method to enrich the cells with cholesterol. Cholesterol-
enriched lipid dispersions with a cholesterol:phospho-
lipid molar ratio of 2:1 have been previously used to
study the effects of cholesterol enrichment on function
of smooth muscle cells (Gleason et al., 1991) and endo-
thelial cells (Luo, Z., L. Laury-Kleintop, K. Pratt, and T.N.
Tulenko, manuscript submitted for publication). Expo-
sure of BAEC to cholesterol-enriched lipid dispersions
for 48 h increased membrane cholesterol content ap-
proximately twofold (data not shown). Fig. 5 compares
the development of VRAC in cells that were exposed to
cholesterol-enriched lipid dispersions and in cells that
were exposed to control lipid dispersions.
Cells that were exposed to cholesterol-enriched lipid
dispersions developed much smaller currents than cells
that were exposed to control lipid dispersions (Fig. 5).
There was no difference in VRAC activity between cells
that were exposed to 0:1 and 1:2 lipid dispersions, but
cells that were not exposed to any lipid dispersions de-
Figure 3. VRAC activation in
cells depleted of cholesterol. The
experimental protocol is as de-
scribed for Fig. 2. (A and C) Cur-
rent traces from individual cells
challenged with a mild (A) or
strong (C) osmotic gradient. (B
and D) Average time courses of
VRAC current densities in re-
sponse to a mild (B) or strong
(D) osmotic gradient. Note that
average VRAC time courses in
control cells in this experiment
are different from those in the
previous experiment for both os-
motic gradients. This difference
reﬂects the variability between
the experimental batches of cells
that results from uncontrollable
ﬂuctuations in the conditions of
cell culture. To minimize this dif-
ference, VRAC activity in cells de-
pleted of cholesterol is com-
pared with VRAC activity in con-
trol cells recorded on the same
day, as described in detail in re-
sults. Similar to the previous ex-
periment, plateau VRAC current
densities in cells depleted of cho-
lesterol were signiﬁcantly differ-
ent from those in control cells
when the cells were challenged with a mild osmotic gradient (P , 0.01; B), but were not different in cells challenged with a strong osmotic
gradient (D).410 Interactions of Ion Channels with the Lipid Environment of the Membrane
veloped signiﬁcantly larger currents (Fig. 5, inset). One
hypothesis to explain this observation is that the cell
membrane equilibrates with liposomal lipids during
the relatively long exposure (48 h) and that leads to an
alteration of cholesterol distribution in the cellular
membranes. Since cholesterol is distributed nonran-
domly in the plasma membranes (Yeagle, 1985), it is
possible that an alteration of its distribution in the
membrane affects activation of VRAC. The difference
between VRAC activation in cells exposed to choles-
terol-enriched liposomes and to control liposomes sup-
ports our observation that cholesterol enrichment re-
sults in suppression of VRAC activation.
Modulation of the Membrane Cholesterol Content Has No 
Effect on VRAC Anion Selectivity 
Earlier studies have shown that VRAC channels are per-
meable not only to inorganic anions but organic anions,
such as glutamate and aspartate (Banderali and Roy,
1992; Levitan and Garber, 1998). This study shows that
modulation of membrane cholesterol has no effect on
the glutamate2/Cl2 and aspartate2/Cl2 permeability
ratios (Fig. 6). Permeability ratios were calculated from
measured reversal potentials, using the Goldman-
Hodgkin-Katz equation (Hille, 1992):
where Paa/PCl is the ratio of the permeability of the rele-
vant amino acid to that of Cl2. A lack of cholesterol ef-
fect on the anion permeability ratios suggests that the
basic pore properties of the channel are not affected by
the changes in membrane cholesterol.
Erev
RT
zF
--------
Cl [] i Paa PCl ¤ () aa [] i +
Cl [] o Paa PCl ¤ () aa [] o +
--------------------------------------------------------- , ln =
Figure 4. The dependence of mean peak current density on
membrane cholesterol content. The points represent mean peak
VRAC current densities plotted as a function of average levels of
free cholesterol in cells exposed to various experimental condi-
tions. All cells were challenged with a mild osmotic gradient. The
conditions are speciﬁed near each point. The data is described by
linear ﬁt with a correlation coefﬁcient of 0.98. (The ﬁt was calcu-
lated using Igor WaveMetrics software.) Peak current densities in
cells enriched with cholesterol and cells depleted from cholesterol
were signiﬁcantly different from those in control cells (P , 0.05).
Figure 5. VRAC activation in BAEC is suppressed by cholesterol-enriched lipid dispersions. (A) Families of current traces recorded from
cells exposed to cholesterol-free liposomes (0:1 FC:PL molar ratio), to liposomes with 1:2 FC:PL ratio and to cholesterol-rich lipid disper-
sions with 2:1 FC:PL ratio. The experimental protocol was similar to that described in Fig. 2. (B) Average time courses of VRAC develop-
ment for cells exposed to 0:1; 2:1, and 1:2 FC:PL lipid dispersions. Average plateau current densities in cells exposed to 2:1 FC:PL lipid dis-
persions were signiﬁcantly smaller than those in cells exposed to 0:1 FC:PL (P , 0.05). There is no difference between cells exposed to 0:1
or 1:2 FC:PL.411 Levitan et al.
Modulation of the Membrane Cholesterol Content Has No 
Effect on VRAC Inactivation Properties
Voltage-dependent inactivation is a hallmark of vol-
ume-regulated anion current in a variety of cell types
(Levitan and Garber, 1995; Jackson and Strange, 1995).
Voltage-dependent inactivation of VRAC develops only
at voltages more positive than 140 or 160 mV and
therefore is not likely to be physiological. It provides,
however, a characteristic of the biophysical properties
of VRAC and can be used for further characterization
of the nature of a cholesterol effect on VRAC.
Voltage-dependent inactivation of VRAC in cells ex-
posed either to MbCD:cholesterol complexes, choles-
terol-free MbCD, as well as control cells are shown in
Fig. 7. A two-pulse voltage protocol with a conditioning
pulse ranging from 260 to 1140 mV followed by a test
pulse to 1100 mV was used to determine the voltage
sensitivity and kinetic properties of the inactivation.
Voltage-dependent inactivation is apparent from the
accelerated decay of the anion current at depolariza-
tion more positive than 180 mV, as shown in Fig. 7 A.
The inactivation ratio was deﬁned as the ratio between
the amplitude of a test pulse delivered after a condi-
tioning prepulse to the amplitude of a control test
pulse (Fig. 7 B). The steepness of the decrease of the
inactivation ratio provides a measure of the amount of
charge that has to move for a channel to change its
conformation from an open to an inactivated state. A
similarity between the inactivation curves in cells en-
riched with, or depleted from, cholesterol suggests that
changes in cholesterol content do not affect the transi-
tion between the open and inactivated states of the
channel. A differential effect of membrane cholesterol
on activation and inactivation of the same channels has
been reported previously for N-type calcium channels
(Lundbaek et al., 1996), where an increase in mem-
brane cholesterol affected inactivation but not the acti-
vation of the channels.
Modulation of Cholesterol Content Has No Effect on 
Membrane Capacitance
Earlier studies have shown that a two- to threefold in-
crease of membrane cholesterol results in a 10–20% in-
crease in membrane bilayer thickness in aortic smooth
muscle cells (Chen et al. 1995) and in model mem-
brane vesicles prepared from bovine cardiac phosphati-
dylcholine and cholesterol (Tulenko et al., 1998). In
the latter study, however, a saturation point for choles-
terol was demonstrated in model membranes, beyond
which phase separation occurred, resulting in the for-
mation of discrete cholesterol domains (34 Å) within
the bilayer and restoration of bilayer width to control
dimensions (56–57 Å). Similar effects appeared to oc-
cur in smooth muscle cell membranes as well (Tulenko
et al., 1998).
In the present study, we have evaluated the thickness
of endothelial membranes in cholesterol-depleted and
cholesterol-enriched cells by measuring electrical ca-
pacitance of the membrane. Since the speciﬁc capaci-
tance of the membrane is inversely proportional to its
width (Hille, 1992), cholesterol enrichment is expected
to decrease the membrane capacitance. If we assume
that the membrane bilayer is homologous to a simple
capacitor formed by two parallel plates of area A (mem-
brane surface) and separated by an insulator of thick-
ness d (thickness of the insulating hydrophobic bilayer
of the membrane), then the membrane capacitance C
is (Hille, 1992):
where e is the dielectric constant of the membrane and
e0 is the polarizability of the free space. In this case, a
20% increase in membrane thickness may result in up
to a 20% decrease in speciﬁc membrane capacitance.
In the present study, however, changes in cell choles-
terol had no effect on membrane capacitance of endo-
thelial cells (Fig. 8 A), suggesting that thickness of the
membrane was not altered signiﬁcantly.
Fig. 8 B shows that endothelial cell capacitance did
not increase when the cells were challenged osmoti-
cally, indicating that there is no increase in membrane
area during cell swelling. This observation is in agree-
ment with our earlier studies in B-lymphocytes (Levitan
and Garber, 1997). It suggests that cells swell by unfold-
ing membrane invaginations rather than by adding
membrane from the intracellular stores. 
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Figure 6. Modulation of membrane cholesterol has no effect
on VRAC anion permeability ratios. Permeability ratios for
glutamate2/Cl2 ( j) and aspartate2/Cl2 ( h) were calculated
from the values of measured reversal potentials. Reversal poten-
tials were measured in at least ﬁve cells for each experimental
group. Data points represent means 6 SEM. There was no signiﬁ-
cant difference between VRAC permeability ratios in cells en-
riched with or depleted from cholesterol.412 Interactions of Ion Channels with the Lipid Environment of the Membrane
Figure 7. Voltage-dependent inactivation of VRAC is not altered by the modulation of membrane cholesterol. (A) Families of traces re-
corded in response to a two-pulse voltage protocol with a 500-ms conditioning pulse from 260 to 1140 mV, followed immediately with a
short 10-ms test pulse to 1100 mV. (B) Inactivation ratios were calculated as Itest,V/I control test, where Itest,V is the current amplitude of a test
pulse after a conditioning pulse to voltage V, and Icontrol test is the current amplitude of a test pulse applied from a holding potential of 260
mV. The points represent means 6 SEM (n 5 7 for each experimental group). There was no signiﬁcant difference in the voltage depen-
dence of the inactivation between cells enriched with or depleted from cholesterol.
Figure 8. Cell capacitance of
BAEC is not altered by modula-
tion of membrane cholesterol.
(A) Cell capacitance was mea-
sured immediately after the es-
tablishment of the whole cell
conﬁguration. The bars repre-
sent the average cell capacitance
of cells exposed to MbCD:choles-
terol (n 5 19), cells exposed to
empty MbCD (n 5 16) for at
least 60 min, and control cells
(n 5 18). There is no signiﬁcant
difference in cell capacitance
between these experimental
groups. (B) Cell capacitance
does not change during cell
swelling. Cells were challenged by a transmembrane osmotic gradient and capacitance measured every 10 s for the duration of the experi-
ment. The values of cell capacitance at each time point were normalized to the initial capacitance measured at time 0.413 Levitan et al.
DISCUSSION
The main ﬁnding of this study is that VRAC activation
in endothelial cells is modulated by the cholesterol con-
tent of the membrane when the cells are challenged
with a mild osmotic gradient, but not when the cells are
challenged with a strong osmotic gradient. These obser-
vations provide direct evidence that the lipid environ-
ment of the plasma membrane plays a role in the regu-
lation of VRAC. The effect of cholesterol is speciﬁc for
VRAC activation in the sense that elevation of mem-
brane cholesterol reduces the steady state (plateau)
level of VRAC current density without having any effect
on VRAC ion selectivity or its inactivation properties.
One mechanism that may be responsible for the sup-
pression of VRAC activity in response to the elevation of
membrane cholesterol is a shift in the equilibrium be-
tween the open and closed states of the channel to-
wards the closed state. Alternatively, it may alter the ba-
sic pore properties of the channel, decreasing the sin-
gle-channel conductance. Earlier studies have shown
that an increase in membrane cholesterol content re-
duced the open probability of Ca21-dependent K1
channels (Bolotina et al., 1989; Chang et al., 1995)
while having no (Bolotina et al., 1989) or little effect on
single-channel conductance (Chang et al., 1995). A lack
of the effect on single-channel conductance suggests
that membrane cholesterol affects the equilibrium be-
tween the open and closed states of these channels
rather than their basic pore properties. In endothelial
cells, we could not detect VRAC single channels either
in cell-attached or excised conﬁgurations even when
the outside-out conﬁguration was created after VRAC
was fully developed. We have used, therefore, an alter-
native approach to discriminate between the effect of
cholesterol on the equilibrium between the open and
closed conformation states of VRAC channels versus al-
tering the channel pore properties.
To determine whether VRAC suppression by an in-
crease in membrane cholesterol results from a shift in
the equilibrium between VRAC conformational states or
from a decrease in its single channel conductance, we
have compared the effects of membrane cholesterol on
VRAC activation in cells challenged with mild or strong
osmotic gradients. The rationale of this approach is that
if elevation of membrane cholesterol affects the equilib-
rium between the channel conformational states, then
membrane cholesterol is expected to shift the sensitivity
of VRAC to osmotic stimuli so that the channel becomes
less sensitive to the osmotic challenge. In this case, the
saturating level of stimulus is expected to invoke the
same responses at low and high membrane cholesterol.
By contrast, if cholesterol decreases VRAC single chan-
nel conductance, then VRAC activity is expected to be
suppressed at all levels of the osmotic stimulus. Our
study shows that an increase in membrane cholesterol
suppresses VRAC activation when the cells are chal-
lenged with a mild osmotic gradient (0.85 osmotic ra-
tio), whereas it had no effect on VRAC development
when the cells were challenged with a strong osmotic
gradient (0.70 osmotic ratio). These observations sug-
gest that increasing membrane cholesterol affects the
equilibrium between the open and closed states of
VRAC channel rather than its single channel conduc-
tance. A lack of cholesterol effect on glutamate2:Cl2
and aspartate2:Cl2 permeability ratios supports the con-
clusion that membrane cholesterol content has no ef-
fect on the basic pore properties of VRAC and that its ef-
fect on VRAC activity is through a shift in the equilib-
rium between the channel conformational states.
How can changes in membrane cholesterol shift the
equilibrium between the closed and open states of the
channel? We suggest that suppression of VRAC by an
increase in membrane cholesterol is due to an increase
in membrane deformation energy that is associated
with the transition between the closed and open states
of the channel. Membrane deformation energy has
been described as a function of three major compo-
nents: (a) a compression–expansion component that
depends on membrane thickness, (b) a splay–distor-
tion component that depends on the orientation of the
phospholipid hydrocarbon chains of the lipid mole-
cules, and (c) a surface tension component that de-
pends on the density of the polar head groups along
the surface of the membrane (Huang, 1986; Helfrich
and Jacobsson, 1990; Nielsen et al., 1998). The com-
pressibility coefﬁcient, deﬁned as K 5 DT/(DA/A),
where DT is a change in membrane tension accompa-
nied by a relative increase of membrane area of DA/A,
is considered a measure of membrane stiffness (Evans
and Neeham, 1987). If a transition from a closed to an
open state of an ion channel perturbs membrane lipid
bilayer, by a change in the protein hydrophobic length,
then the stiffer the membrane the larger the energetic
cost of the transition (Lundbaek et al., 1996). Elevation
of membrane cholesterol level alters the mechanical
properties of the membrane bilayer, including lipid or-
dering, spontaneous monolayer curvature, and the
modulus of membrane compressibility (Yeagle, 1985;
Evans and Neeham, 1987; Seddon, 1990). This results
in an increase in membrane stiffness and, conse-
quently, is expected to increase membrane deforma-
tion energy associated with channel opening (Lund-
baek et al., 1996). Therefore, if membrane deforma-
tion energy constitutes a signiﬁcant contribution to the
overall energetic cost of VRAC activation, an increase
in membrane cholesterol is expected to suppress activa-
tion of the current, as was observed in this study. An in-
crease in membrane deformation energy, however, is
not expected to affect the maximal number of VRAC
channels. Therefore, increasing the osmotic shock to414 Interactions of Ion Channels with the Lipid Environment of the Membrane
the point where all VRAC channels are open overrides
the effect of cholesterol. A differential effect of mem-
brane cholesterol on VRAC activation and on its inacti-
vation suggests that membrane deformation energy
may be involved in some but not all of the conforma-
tional changes of the same membrane protein.
Is it possible to determine which of the mechanical
properties of the membrane bilayer that are affected by
membrane cholesterol content are responsible for the
effect of cholesterol on VRAC activation? A complete
separation of different mechanical properties is not
likely possible because of the interdependence be-
tween these properties (Nielsen et al., 1998). It has
been pointed out, however, that membrane ﬂuidity, de-
ﬁned as “the ease of movement of a liquid,” while af-
fecting the rates of protein conformation changes, can-
not be responsible for the changes in the equilibrium
properties of protein function regardless of the nature
of the underlying structural change (Lee, 1991; Ander-
sen et al., 1999). Our experiments show that an in-
crease in membrane cholesterol reduces the plateau
levels of VRAC activation. As discussed above, this ef-
fect suggests that elevation of membrane cholesterol
shifts the equilibrium between the closed and open
states of the channel. We suggest, therefore, that
changes in membrane ﬂuidity per se are not sufﬁcient
to account for the observed effect of cholesterol on the
VRAC activity and that changes in the material proper-
ties of the membrane, deﬁned by membrane stiffness,
are of primary importance.
Alternatively, membrane cholesterol may affect the
intrinsic activation energy of the VRAC protein
through speciﬁc sterol–protein interactions. In many
cases, there is no strong speciﬁcity between intrinsic
proteins and surrounding lipids (Devaux and Seig-
neuret, 1985; Andersen et al., 1999), but speciﬁc ste-
rol–protein interactions have been described for sev-
eral membrane proteins (Yeagle, 1985), including
amphotericin B ion channels (Mickus et al., 1992).
Therefore, we cannot exclude this possibility and it will
be addressed in our further studies by the structural
analysis of the effects of cholesterol analogues on
VRAC activation.
We propose a model for the role of membrane defor-
mation energy in the mechanism by which VRAC chan-
nels may sense osmotic gradients across the plasma
membrane. We suggest that cell swelling may alter
membrane deformation energy that is associated with
VRAC activation by altering the physical properties of
the membrane bilayer. Speciﬁcally, membrane tension
may alter the thickness of the membrane, consequently
modulating a hydrophobic mismatch between the
channel hydrophobic exterior and the thickness of the
bilayer hydrophobic core (Goulian et al., 1998). A
change in the hydrophobic mismatch affects mem-
brane deformation energy of the protein conformation
change (Nielsen et al., 1998) and, therefore, may shift
the equilibrium between the closed and open states of
the VRAC channel protein. An increase in membrane
tension has been shown to activate a bacterial mecha-
nosensitive channel inserted into planar lipid bilayers
(Sukharev et al., 1994, 1999). Sensitivity to lipid tension
was also observed in ion channels formed by an antibi-
otic protein alamethicin inserted into a lipid bilayer
(Opsahl and Webb, 1994). Changes in the hydrophobic
mismatch between these channel proteins and the hy-
drophobic core of the membrane bilayer may consti-
tute a general mechanism by which mechanical signals
activate mechanosensitive ion channels.
Elevation of plasma cholesterol levels is associated with
an increased risk of atherosclerosis (Kannel et al., 1979).
Impairment of endothelial cells is thought to constitute
one of the earliest stages of the development of the dis-
ease (Ross, 1995; Li et al., 1993). Since VRAC is impli-
cated in regulation of cell growth and proliferation in
several cell types (Voets et al., 1997; Rouzaire-Dubois and
Dubois, 1998), including endothelial cells (Voets et al.,
1995), suppression of VRAC activity by cholesterol may
contribute to the impairment of endothelial function
during development of atherosclerosis. Further studies
are needed to establish the mechanism by which choles-
terol affects activation of endothelial ion channels.
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